INTRODUCTION
============

High-nutrient, low-chlorophyll (HNLC) regions maintained by Fe limitation ([@R1]) span \>20% of the world's oceans ([@R2]). The Southern Ocean is the most important HNLC region in that it sets the preformed nutrient inventory of a large part of the deep ocean, which ultimately regulates the efficiency of the biological pump ([@R3]). During the latter half of the glacial cycle, modulations in the availability of dust-borne Fe and a more efficient biological pump in the subantarctic Southern Ocean appear to account for up to half of the drop in atmospheric CO~2~ level associated with global cooling ([@R4]), yet we have no direct means of evaluating the relationship between productivity and particulate Fe mineralogy. Solid-phase particulate Fe is common in the ocean ([@R5]), including the Southern Ocean ([@R6]), and increasing evidence suggests that Fe particulates have varying bioavailabilities to phytoplankton based on mineralogy ([@R6], [@R7]). Glaciogenic Fe in Alaska that is rich in Fe(II) has been associated with high Fe solubility and is thus presumed to have high Fe bioavailability ([@R7], [@R8]), but new mechanisms influencing Fe bioavailability are still being discovered ([@R9]), which complicate our already-inconsistent definition of bioavailable Fe ([@R10]--[@R14]).

Measurements of Fe bioavailability in natural dusts and dust sources are generally focused on cumulative solubility estimates based on operationally defined "dissolved" Fe ([@R7], [@R15]), but dissolved Fe leached from natural aerosols is dominantly colloidal rather than truly soluble ([@R15]), suggesting that dust contributes readily to a particulate Fe pool that should be studied in more detail. We are interested in studying how particulate Fe mineralogy relates to Fe bioavailability to diatoms specifically. Diatoms are an important part of the carbon cycle responsible for about 40% of primary production in the modern ocean ([@R16]--[@R19]), and diatoms are an important part of the biological pump responsible for part of the atmospheric CO~2~ drawdown associated with glacial periods ([@R20]). The current body of work on solid-phase Fe bioavailability to diatoms focuses just on abiotic solubility ([@R21], [@R22]), but recent work shows that it is possible for the cyanobacterium *Trichodesmium* to "mine" particulate Fe by increasing the rate of dissolution ([@R23]). Here, we probe the possibility that there is also a mechanism in diatoms that ensures that they can access particulate Fe without relying on exogenous mobilization of the Fe.

Here, we combine studies of mineralogy with direct measurements of bioavailability using natural glaciogenic dust sources and a model diatom in laboratory cultures. Iron solubility and dissociation rates generally correlate with the increased Fe bioavailability of mineralogically pure Fe colloids ([@R24]), but little has been done to probe the interactions between Fe particulates and Fe-limited phytoplankton independent of abiotically soluble Fe species or particulates dissolved biotically by bacteria ([@R25], [@R26]). We evaluate Fe mineralogy using x-ray absorption spectroscopy (XAS) in the fine-grained (\<5 μm) fraction of nine glaciogenic and eight nonglaciogenic sediments from central and southern South America ([Fig. 1](#F1){ref-type="fig"} and table S1), representing potential sources of dust to the Southern Ocean ([@R27], [@R28]). "Glaciogenic" here describes sediments affected by glaciers during and since the last glacial period, for which weathering is dominated by physical processes. "Nonglaciogenic" describes sediments that have not been affected by glaciers in that period or longer, for which weathering is dominated by chemical processes. Although the sediment sources used in our research have relevance as potential dust sources to the subantarctic Southern Ocean (see [Fig. 1](#F1){ref-type="fig"}, table S1, and Materials and Methods), they are mineralogically similar to and can be considered representative of glaciogenic and nonglaciogenic sediments from other locations as well ([@R7]). A subset of five mineralogically representative sediments (three glaciogenic and two nonglaciogenic, \<63-μm fraction; see Materials and Methods) was used in culture experiments to directly evaluate Fe bioavailability using growth rates and cell health of the highly Fe-efficient model diatom *Phaeodactylum tricornutum*. Based on the relative x-ray absorption edge positions (indicative of oxidation state) in CAR19 and MK6 sediments, sediment mineralogy did not change significantly on the basis of the size fraction used (see Materials and Methods).

![Sample locations in South America with the right panel focused on Patagonia.\
Blue and red symbols represent samples of glaciogenic and nonglaciogenic origin, respectively. Triangles indicate samples used in the culture experiments. Shaded relief image is produced with the Matplotlib Basemap Toolkit for Python. The samples are described in table S1.](1700314-F1){#F1}

After characterizing dust source mineralogy of our South American sediment samples, we examined the growth response of *P. tricornutum* to particulates from a subset of these sediments in laboratory culture experiments. This approach provided a way to empirically gauge the bioavailability of particulate Fe associated with our sediment samples. *P. tricornutum* is a well-characterized model diatom that is often used to study diatom growth under Fe limitation ([@R29]). It is a model for genotypic and evolutionary studies of diatoms ([@R30], [@R31]), as well as phenotypic studies applicable to open-ocean environments ([@R17], [@R32], [@R33]). Its metabolic network has also been used to frame the biogeochemical response of surface ocean systems to changing CO~2~ ([@R34]).

Certainly, no single diatom species---or even a small subset of species---adequately reflects the phenotypic plasticity of marine diatoms. Iron utilization efficiency varies among diatom species and even isolates of the same species from different Fe environments ([@R35]), as well as among bloom developmental stages ([@R36]). This model diatom is coastal in origin (see Materials and Methods). Coastal diatoms, in general, have many notable physiological and evolutionary distinctions from open-ocean species, including differences in their photosynthetic systems ([@R37], [@R38]). However, transcriptional similarity exists among *P. tricornutum* and ecologically relevant diatoms, such as *Thalassiosira oceanica*, *Fragilariopsis cylindrus*, and *Pseudo-nitzschia granii*, in that similar Fe uptake genes are up-regulated under Fe starvation ([@R17], [@R33]). These understudied Fe-responsive genes in *P. tricornutum* are expressed in natural HNLC regions under Fe limitation ([@R39], [@R40]), highlighting their potential importance and the relevance of *P. tricornutum* as a useful model for our initial study of particulate Fe utilization.

*P. tricornutum* cultures were axenic (single-species; see Materials and Methods), and "no Fe added" controls (−Fe controls) and "excess Fe added" controls (+Fe controls, FeCl~3~ added to 8.32 μM) were used to assess maximum achievable limitation and maximum growth rates of this organism in the growth media, respectively. We used Aquil medium with 100 μM EDTA to quickly complex solubilized Fe and ensure that the soluble bioavailable Fe (that is, unchelated Fe or Fe′) was buffered to a concentration (\<0.1 pM) that is too low to support phytoplankton growth ([@R22], [@R41], [@R42]). This experimental design is intended to reduce the effect of cumulative solubility difference between the two sediment types and probe the mechanism of particulate Fe bioavailability. Monod Michaelis-Menten--type nutrient accessibility models, which will be discussed later, were used with estimates of equilibrium unchelated Fe (Fe′) ([@R22]) to show that dust-borne Fe bioavailability is not controlled by bulk \[Fe′\] in these experiments, although Fe′ is currently understood to be the most bioavailable form of Fe in the ocean ([@R22]).

RESULTS
=======

Mineralogy of iron in modern natural sediments
----------------------------------------------

For normalized XAS spectra ([Fig. 2](#F2){ref-type="fig"}), the observed 2- to 3-eV shift to lower energies in the absorption edge of glaciogenic samples relative to nonglaciogenic samples indicates that the former have substantially more Fe(II)-bearing minerals than the latter ([@R7]). Both linear combination fitting (LCF) to standards and principal components analysis (PCA) revealed that \~40 to 90% of Fe in these glaciogenic sediments was Fe(II), primarily within Fe(II) silicate phases, whereas nonglaciogenic samples contained primarily Fe(III) in Fe oxyhydroxides and Fe(III) silicate phases (see tables S2 and S3 and Materials and Methods). The glaciogenic samples contained about two to four times the reduced Fe(II) content of the nonglaciogenic samples, defined as the percentage of total Fe. Our observation that there are distinct and consistent mineralogical differences between glaciogenic and nonglaciogenic sediments appears robust because the glaciogenic and nonglaciogenic sediments sampled from nearby regions in Patagonia were mineralogically different, and the nonglaciogenic sediments sampled from central South America and Patagonia were mineralogically similar, although the sampling regions are further away and geologically different from each other.

![XAS spectra and Fe(II) content of South American glaciogenic and nonglaciogenic sediments.\
XAS spectra of all glaciogenic (blue) and nonglaciogenic (red) samples (bottom and left axes). Spectra corresponding to sediments used for culture experiments are in bold. Fe(II) content data (circles, gray top axis) are grouped as nonglaciogenic (red) and glaciogenic (blue) samples, offset for clarity. Values were calculated using PCA (open circles) and LCF (closed circles). Error bars represent SE and errors generated by the SIXPack interface (Monte Carlo simulations) for PCA and LCF fitting approaches, respectively. Images are of sediments used for culture experiments; gray color indicates reduced Fe and orange/yellow/red indicates oxidized Fe.](1700314-F2){#F2}

Bioavailability of iron in glaciogenic versus nonglaciogenic particulates
-------------------------------------------------------------------------

[Figure 3](#F3){ref-type="fig"} shows growth rate (μ), variable fluorescence (*F*~v~/*F*~m~), which is a photophysiological proxy for the severity of Fe limitation ([@R43]--[@R45]), and cell density for the five sediments tested plus the −Fe and +Fe controls. The diatom's growth rate was lowest in the −Fe control, and the *F*~v~/*F*~m~ measurements in this treatment were indicative of severe Fe limitation ([@R44]). *P. tricornutum* grew faster when exposed to the mineral substrates compared to the −Fe control, but the nonglaciogenic particulates were associated with less of a growth response than the glaciogenic particulates. All three indicators of Fe bioavailability were most favorable when the diatom was exposed to particulates from each of the three glaciogenic sediments. The *F*~v~/*F*~m~ values of the diatoms exposed to glaciogenic particulates from sample SMD13-3 approached those of the Fe-replete controls here and in other Fe-rich cultures ([@R45]).

![Variable fluorescence (*F*~v~/*F*~m~), growth rates (μ), and cell densities of *P. tricornutum* used to evaluate particulate Fe bioavailability.\
Symbol area is proportional to culture density in cells per milliliter close to the time of variable fluorescence measurement (14 days after inoculation). Variable fluorescence and cell counts were measured in triplicate. For *F*~v~/*F*~m~, error bars are based on the SE of 20 acquisitions per culture propagated for the triplicate cultures; for μ, error bars represent the SE of the slope of the natural log plot. Error is sometimes smaller than the symbol. Data from this experiment correspond to the circles in [Fig. 4](#F4){ref-type="fig"} (A to C).](1700314-F3){#F3}

Of the sediments tested, particulates from the Fe(II)-rich unweathered glaciogenic sediments uniformly supported greater diatom growth than those from the Fe(III)-dominated weathered nonglaciogenic sediments. The differences are related mainly to Fe bioavailability in the glaciogenic dust sources rather than to simply their total Fe concentrations because the glaciogenic MK6 and Perito Moreno Glacier (PMG) sediments \[2.8 and 1.8 weight % (wt %) Fe, respectively\] supported significantly higher growth rates compared to the nonglaciogenic CAR14 and CAR19 sediments of similar or greater Fe concentration (3.3 and 1.8 wt % Fe, respectively). The differences between the bioavailability of particulates from the nonglaciogenic CAR19 sediment and the glacial PMG sediment were particularly pronounced; despite the fact that the glaciogenic PMG has the same total Fe concentration, it produced more than four times the cell density after 14 days in culture and a significantly greater *F*~v~/*F*~m~ ratio and growth rate than the nonglaciogenic CAR19. Glaciogenic SMD13-3 supported growth close to that of the +Fe control. Some of the enhanced growth of the cells supported by SMD13-3 compared to other particulate Fe sources is likely due to its high total Fe concentration, in addition to its high Fe(II) content \[16 wt % Fe, \~40% or more of which is Fe(II); see tables S2 and S3\].

Influence of iron mineralogy on particulate iron utilization
------------------------------------------------------------

To isolate the effects of total particulate Fe concentration, \[Fe′\], and Fe mineralogy \[particularly Fe(II) content\] on the bioavailability of glaciogenic and nonglaciogenic particulates, we used the Monod Michaelis-Menten--type kinetics model for nutrient accessibility to nutrient-limited microbes ([@R46]). We plotted growth rates versus external nutrient concentrations represented as the concentration of (i) total particulate Fe added, (ii) Fe′ at equilibrium (see Materials and Methods), and (iii) particulate Fe(II) added, respectively, and fit the Monod model to each. The fits were made to the model shown in [Eq. 1](#E1){ref-type="disp-formula"}$$\mathit{r} = \mathit{r}_{m}\frac{\mathit{S}}{\mathit{K}_{\mathit{S}} + \mathit{S}}$$where the growth rate is expressed as the normalized growth rate *r* (unitless, where −Fe control represents no growth, *r =* 0, and +Fe control represents maximum growth, *r* = 1; see Materials and Methods), *S* is the external nutrient concentration, *r*~m~ is the normalized rate maximum under the growth conditions, and *K*~*S*~ is the external nutrient concentration at which the rate *r* is half of its maximum (*r* = *r*~m~/2). In [Fig. 4](#F4){ref-type="fig"} (A to C), culture data are grouped by color according to whether glaciogenic (shades of blue) or nonglaciogenic (shades of red) sediment was added, and the three distinct symbol shapes indicate data from three independent experiments conducted to complete this work (that is, to achieve a range of particulate Fe concentrations, \[particulate Fe\], from Fe-limiting to Fe-replete conditions). All the normalized growth rates, *r*, are plotted against total added Fe concentrations ([Fig. 4A](#F4){ref-type="fig"}), Fe′ ([Fig. 4B](#F4){ref-type="fig"}), and added particulate Fe(II) concentrations ([Fig. 4C](#F4){ref-type="fig"}), which are shown alongside the Monod kinetic models fit to the data.

![Monod model fits to normalized growth rates, *r*, as a function of three different classes of Fe species.\
Cultures with glaciogenic sediments added are in shades of blue, and those with nonglaciogenic sediments added are in shades of red. Marker shape (circle, square, and triangle) corresponds to experiments run on three different dates. For glaciogenic particulate exposure, *n* = 5; for nonglaciogenic particulate exposure, *n* = 4. Error bars represent propagated SE for normalized rates (the same in all subplots). (**A**) Monod model fits (blue line is glaciogenic fit, *R*^2^ = 0.82; red line is nonglaciogenic fit, *R*^2^ = 0.94) as a function of total particulate Fe added to the cultures. Horizontal error bars are analytical error in particulate Fe concentration and are often smaller than the symbol size. (**B**) Attempted Monod fit (purple dashed line, *R*^2^ = 0.22) as a function of \[Fe′\], with Fe′ defined as the unchelated Fe (mononuclear hydrolysis species) thought to control bioavailability of Fe in the ocean. This is an inappropriate fit because the very low *K*~*S*~ value implies that 3 × 10^−19^ M Fe′ can support phytoplankton growth and fully alleviate Fe limitation, which is not supported by the literature. (**C**) Monod model fit (purple line is the fit to all data, *R*^2^ = 0.87) as a function of solid-phase Fe(II) calculated using LCF with standard spectra. The glaciogenic and nonglaciogenic data collapsing to the same curve suggest that particulate Fe(II) controls particulate Fe uptake in these cultures. Horizontal error bars are analytical error in particulate Fe(II) concentration and are often smaller than the symbol size. Inset zooms in on lower concentrations for clarity.](1700314-F4){#F4}

DISCUSSION
==========

The fits in [Fig. 4A](#F4){ref-type="fig"} show that Fe associated with glaciogenic sediments is a more efficient micronutrient source than Fe associated with nonglaciogenic sediments because systems modeled by Monod kinetics are driven by first-order kinetics (that is, the nutrient is limiting) below *K*~*S*~ and zero-order kinetics (that is, growth is independent of the nutrient concentration) above *K*~*S*~. Given that *K*~*S*(glaciogenic)~ \~ 0.6 *K*~*S*(nonglaciogenic)~ (4.3 μM versus 7.4 μM), glaciogenic sediments will alleviate Fe limitation for *P. tricornutum* at a lower total Fe concentration than when nonglaciogenic sediments are added as the Fe source. At the lowest Fe concentrations and the ones most representative of natural growth conditions, modeled growth rates are \~2.5× higher with glaciogenic sediments versus nonglaciogenic sediments. At the highest Fe concentrations, where Fe limitation is relieved, glaciogenic particulates support \~1.5× higher growth rates than nonglaciogenic particulates (*r*~m~ of 1.07 versus 0.73).

Free bioavailable Fe concentrations \[Fe′\] did not significantly affect the observed experimental growth rates ([Fig. 4B](#F4){ref-type="fig"}). This assertion is based on the combination of a poor fit of the Monod model as a function of \[Fe′\] (*R*^2^ = 0.22) and the fact that the calculated half-saturation concentration (*K*~*S*~), about 3 × 10^−19^ M, is chemically improbable. This low *K*~*S*~ implies that Fe limitation is alleviated for these cultures at this concentration, whereas it is well established that much higher (\>0.1 pM) Fe′ concentrations are needed to support phytoplankton growth ([@R41]). Thus, both the low \[Fe′\] and the lack of correlation between \[Fe′\] and growth rate indicate that equilibrium mineral dissolution (that is, the maximum possible \[Fe′\] in the system) does not provide adequate Fe for growth. This result suggests that particulate Fe bioavailability to phytoplankton is driven by some mechanism besides bulk abiotic solubility alone. If growth is limited by the rate of dissolution of a mineral phase, then uptake will be a linear function of surface area (or quantity of dust). This scenario is not observed in the data. We then suggest that particulate Fe bioavailability is driven by interactions with particulate Fe(II) at the diatom-particulate interface based on our Monod model fit to all the samples when plotted against the concentration of particulate Fe(II) (\[particulate Fe(II)\]; [Fig. 4C](#F4){ref-type="fig"}).

When plotting growth rates as a function of \[particulate Fe(II)\] in each culture ([Fig. 4C](#F4){ref-type="fig"}), the measurements from all experiments collapse onto a single curve, indicating that \[particulate Fe(II)\] drives the difference in bioavailability of Fe in particulates with different mineralogy. Our observation that particulate Fe(II) is the form most accessible to our model diatom is in agreement with work that shows that synthetic Fe(III) colloids are not readily bioavailable to diatoms beyond the dissolved phase ([@R47]). On the basis of our kinetic model, Fe limitation in our cultures is alleviated at \[particulate Fe(II)\] above 2.7 μM. Because *r*~m(glaciogenic)~ slightly exceeds 1 (that is, the rate of growth in the +Fe control), we infer that highly reactive natural Fe sources are used just as efficiently, if not slightly more efficiently, by diatoms compared to the 7.3 nM Fe′ buffered by the FeEDTA complexes in our laboratory media, as calculated with Visual MINTEQ and accounting for photoreductive dissociation of FeEDTA complexes ([@R42], [@R48], [@R49]).

The utilization of particulate Fe does not preclude ligands from being important to Fe nutrition, but they cannot explain our results. Only siderophores, the strongest natural Fe ligands in the ocean, could compete with EDTA for Fe ([@R5], [@R49]--[@R51]). Diatoms, including *P. tricornutum*, do not produce their own siderophores ([@R29], [@R52]). Ligands existing in the culture media made from Sargasso seawater or ligands produced by any small amount of bacteria contaminating the cultures would likely affect all cultures in a similar way, suggesting that the bioavailability of particulate Fe(II) still depends on its relatively high reactivity compared to particulate Fe(III). The relatively high bioavailability of particulate Fe(II) relative to Fe(III) reflects differences in how they are obtained from the substrate. This particulate Fe utilization could entail direct accessibility of an Fe(II) substrate or could involve a microenvironment on the diatom surface where Fe is liberated and taken up before diffusion into the bulk media. In both cases, we hypothesize that surface contact between phytoplankton and particulate Fe is necessary. Some simple experiments with *P. tricornutum* that isolated particulate Fe in bags made from dialysis tubing provide evidence that surface contact is necessary for particulate Fe utilization by diatoms (fig. S1). Further research is required to determine the details of the mechanism by which *P. tricornutum* accesses particulate Fe, and these details will help us assess the global extent of particulate Fe bioavailability to diatoms. Because we used a highly studied and fully sequenced model diatom with the most advanced reverse genetics technologies ([@R17]), genetic, transcriptomic, and metatranscriptomic studies ([@R39], [@R53]) can be undertaken to elucidate the mechanism of Fe acquisition in detail. Other sequenced diatoms from the Southern Ocean ([@R54]) can also be studied with the same methodologies.

When evaluating the importance of more bioavailable Fe in relatively Fe(II)-rich glaciogenic particulates, it is important to consider the possible effect on the carbon cycle. In our cultures, the impact of Fe mineralogy on carbon fixation is likely greater than the observed 2.5× higher phytoplankton growth rates associated with glaciogenic particulates versus nonglaciogenic particulates because it is compounded by increases in carbon fixation rates per cell inferred from estimates of photosynthetic efficiency (*F*~v~/*F*~m~). Our significant increase in *F*~v~/*F*~m~ from 0.36 to 0.5 between cultures supported by nonglaciogenic and glaciogenic particulates likely translates to about two times higher carbon fixation rates per cell on the basis of published values for *P. tricornutum* ([@R29]), assuming linearity between the two parameters (see Materials and Methods) ([@R55], [@R56]). Combined, these effects may result in about five times higher rates of carbon uptake at a constant Fe flux for glaciogenic dust versus nonglaciogenic dust fluxes to our diatoms. This estimate suggests that Fe mineralogy in natural dust sources is a critical factor in predicting how dust fluxes contribute to Fe bioavailability and CO~2~ uptake by phytoplankton. Both Southern Ocean diatoms ([@R57]--[@R60]) and *P. tricornutum* ([@R29]) have shown increases in growth rates, decreases in Fe stress, and increases in carbon uptake in response to inputs of bioavailable Fe. More specifically, the raphid pennate lineage that includes *P. tricornutum* is well represented in the Southern Ocean ([@R61], [@R62]), and *P. tricornutum* can tolerate low Fe levels similar to those that sustain pennate diatoms in HNLC regions ([@R29], [@R32]). The results of the *P. tricornutum* model used here suggest that diatoms can access particulate Fe efficiently and that it is possible for additions of glaciogenic particulates to support both higher growth rates and less Fe stress in diatoms compared to nonglaciogenic particulates. Further work will delineate the phylogenetic generality of this observation, as well as the extent of the effect in natural, Fe-limited waters and the impact it has on the carbon cycle.

Our observations imply that dust sources deriving from glaciogenic sediments provide more bioavailable Fe than those deriving from nonglaciogenic materials. As such, changes over geologic time and space that affect the mineralogy of dusts to the ocean could modulate diatom growth and affect the carbon cycle. There is evidence that modern glaciogenic dust sources in Patagonia reach the subantarctic Southern Ocean within a few days ([@R63], [@R64]) and that any atmospheric processing would increase the fraction of particulate Fe(II) ([@R65]). Glaciogenic South American dust dominated dust supply in the Southern Hemisphere during the last glaciation ([@R27], [@R28], [@R66]--[@R68]), and these glaciogenic South American dust emissions were large ([@R69]). Because glaciogenic dust inputs to the Southern Ocean are important in the modern era and the Last Glacial Maximum (LGM), it is important that we understand how mineralogy affects Fe bioavailability and the carbon cycle both now and in the geologic past.

Our characterizations of glaciogenic and nonglaciogenic dust samples and our culture experiments with an Fe-efficient model diatom suggest that Fe mineralogy is an important factor in determining bioavailable Fe flux. Most broadly, and most significantly, we show that particulate Fe is bioavailable to diatoms independent of abiotic solubility, and the bioavailability of particulate Fe is controlled by Fe(II) mineral content. This result is in opposition to the current view that particulate Fe bioavailability depends entirely on its solubility and uptake happens through soluble phases in the bulk solution. Our results should motivate future work exploring the importance of Fe dissolution in the diffuse boundary layer of diatoms ([@R26]), as well as direct attachment of diatoms to particles. The efficiency of the global biogeochemical pump in sequestering atmospheric CO~2~ by increasing nutrient consumption in the Southern Ocean is an ongoing and actively debated question ([@R59], [@R60], [@R70]), and our evaluation of the increased rate of carbon fixation with glaciogenic Fe versus nonglaciogenic Fe sources provides motivation to better constrain the effect of sediment source and mineralogy on Fe fertilization in this region. Our work shows that measuring abiotic solubility is insufficient to evaluate particulate Fe bioavailability. We report evidence that the bioavailability of dust-borne Fe to diatoms is actually much higher than previously believed because particulate Fe(II) is accessible to diatoms. Our work also suggests that Fe mineralogy in dust fluxes likely affects the Martin hypothesis of Fe limitation ([@R1]) and introduces the possibility that Fe(II) mineral content is an important predictor of particulate Fe bioavailability separate from its solubility.

MATERIALS AND METHODS
=====================

Experimental design
-------------------

Here, we classified the mineralogy of Fe in natural sediments from Patagonia that represent possible dust sources to the Southern Ocean and used the same natural sediments to make direct measurements of the bioavailability of particulate Fe using laboratory experiments that involved a well-studied model diatom, *P. tricornutum*. We used 100 μM EDTA in the culture media to sequester unchelated Fe (Fe′) to very low (sub-0.1 pM) concentrations to probe the possibility that diatoms can access particulate Fe. Glaciogenic samples were collected primarily from southern Patagonia as the region is upwind of the Southern Ocean and the largest Patagonian glaciers exist there at present and in the past. Thus, these sediments represent the most relevant sources of dust resulting from physical weathering by glaciers that may fertilize the Southern Ocean. Our nonglaciogenic sediments are relevant in showing contrast to sediments affected by glaciers, so it was necessary that they have not been affected by glaciers during and since the last glacial period.

Sample collection and preparation
---------------------------------

For this study, glaciogenic samples included any sediments related to glacial deposits, including moraines, till, and outwash plains, and deposited in proglacial lakes. All samples are described in table S1; the subset of three glaciogenic and two nonglaciogenic sediments used for culture experiments is further outlined here. Two of the glaciogenic samples are sediments from modern or recent glaciers, including debris coming out of the Perito Moreno Glacier (sample PMG) and the fine matrix of a moraine formed around 1970 by the modern Upsala Glacier in the Lago Argentino basin (sample MK6) ([@R71]). The third glaciogenic sample, SMD13-3, was collected from sediments laid down during the peak of the last Ice Age, about 20,000 years ago in the Strait of Magellan area (\~53°S) ([@R72]); specifically, it was taken from sediments recently exposed in a gravel pit in an outwash plain, emanating from a moraine, that flowed toward and emptied into the South Atlantic Ocean. Of particular relevance in the context of our finding is the fact that SMD13-3 is directly upwind of the subantarctic sector of the Southern Ocean. This sample is also from one of the largest outwash plains in southern South America, which extended onto the continental shelf at the LGM.

The two nonglaciogenic samples, CAR14 and CAR19, were collected from Holocene-age lake deposits of Lago Cardiel, from the 55- and 45-m-level highstands, respectively ([@R73]). The Lago Cardiel basin has not been directly affected by glaciers, at least on a time period relevant to this study, and, moreover, sediments are likely derived from surrounding long-exposed and chemically weathered Mesozoic and Cenozoic sedimentary and volcanic rocks ([@R74]).

The critical sampling strategy is to work only on sediments from well-defined stratigraphic sections or landforms, so that the geologic context is well understood and, most importantly, materials of different ages and weathering processes are not mixed together in each respective sample. Five hundred to 1000 g of sediment was collected from moraines and lacustrine deposits with known sediment sources and histories. Samples were stored dry at room temperature and under atmospheric conditions until sieving to obtain the \<63-μm fraction, which was carried out using \~250 ml of ultrapure water (resistivity, 18.2 megohms·cm) per \~3 to 5 g of sediment to help declump the clays. Settling, which was also carried out in ultrapure water, was used to obtain the \<5-μm fraction from the \<63-μm fraction. Samples were never dried in an oven but were either air- or freeze-dried within a few to several weeks of becoming wet, since the settling procedure (using Stokes' law) took \~1 to 2 weeks in addition to the sieving process. After sorting and drying, sample preparation for XAS and culture experiments was minimal. XAS samples (\<5-μm fraction) were simply spread on Kapton tape to a thickness of \~1 mm and sealed. Sediment aliquots used for cultures were sterilized with a few drops of 70% ethanol (200 proof, molecular biology grade, diluted with ultrapure water) and immediately air-dried under sterile conditions.

We used oxidation state differences defined by the difference in x-ray absorption edge position (where the normalized fluorescence spectrum crosses 0.9) between MK6 and CAR19 to show that Fe(II) estimates from the XAS analysis can be applied to the culture experiments despite using different size fractions, small differences in time the samples remained wet, and the 70% ethanol sterilization procedure for sediments used in the culture experiments. The sediments used for the culture experiments (\<63 μm) had the same difference in oxidation state between the reduced glaciogenic sample (MK6) and the oxidized nonglaciogenic sample (CAR19) as the MK6 and CAR19 samples used 3 years earlier for classifying mineralogy (\<5 μm). The edge position differences were 3.25 and 3.10 eV, respectively, which is well within the resolution of the instrument (0.35 to 0.8 eV). These observations suggest that the mineralogy of a sediment sample is not significantly affected by the size fraction used and that mineralogy is not affected by the ambient air long-term storage method. We attribute this stability to the fact that most of the samples were isolated from oxic environments and not susceptible to significant sample oxidation during preparation and storage. Total Fe concentrations of the \<63-μm fractions used for the culture experiments were determined after wet-sieving and air-drying using x-ray fluorescence (XRF) with a Delta Innov-X handheld XRF instrument and software. Thus, any leached Fe was not erroneously included in the Fe estimates for the culture experiments. National Institute of Standards and Technology standards \#2709 to \#2711 were used as quality controls, with 80 to 120% recovery for Fe. Measurements were made using solid uncrushed samples to preserve them for later use in the cultures.

Synchrotron analyses
--------------------

XAS at the Fe K-edge was used to probe the oxidation state and coordination environment of the Fe in the samples. Spectra with a resolution of 0.8 eV were collected on beamlines 4-1, 4-3, and 11-2 at the Stanford Synchrotron Radiation Lightsource for the dust samples and a set of mineral standards ([@R7]). The monochromator used was Si(220) at 90°, and the energy calibration was carried out using an Fe foil at 7112.0 eV (at the first inflection edge, that is, the maximum in the derivative spectrum). All spectra were collected in fluorescence mode using a 13- or 30-element Ge detector. The mineralogy of the samples was determined using LCF ([@R7]), and PCA was conducted ([@R75], [@R76]) primarily to group samples by oxidation state using principal components \#1 and \#2. To do this, principal components were determined for the sample set and then specific minerals with known compositions were fit with these principal components, after which the fraction of component \#2 was regressed versus Fe(II) content to establish a linear relationship between the two (*R*^2^ = 0.96); this relationship was used for each sample to determine Fe(II) content (fig. S2). Errors were reported as 67% confidence intervals based on the calibration curve. This approach is advantageous because it does not require knowledge of specific mineralogy. In contrast, LCF methods require knowledge of component minerals for accurate quantification of Fe(II), which can be difficult for some samples. However, LCF allows us to further characterize the minerals present, for example, to differentiate between Fe(II) carbonates and Fe(II) silicates or to differentiate Fe(III) in hematite from that of goethite. Pyrite, siderite, goethite, hematite, magnetite, biotite, hornblende, ferrihydrite, and glauconite standards were all used for LCF. Iron(II) content was calculated using LCF based on the oxidation state of Fe in pure minerals. We considered hornblende to contain 50% Fe(II) and 50% Fe(III). The spectra from a subset of the standards are plotted with oxidation state in fig. S3 to show similar trends in edge position and oxidation state to [Fig. 2](#F2){ref-type="fig"}. Errors on these estimates are the errors generated by the SIXPack interface ([@R77]) propagated.

Culture experiments
-------------------

The axenic *P. tricornutum* CCMP632 inoculate was obtained from the Provasoli-Guillard National Center for Marine Algae and Microbiota. This strain was collected from a coastal region in the British Isles, at 54°N, 4°W. Our cultures were maintained in f/2 medium, grown always at 18°C, and were kept axenic through periodic treatment with a mixture of broad-spectrum antibiotics consisting of penicillin (\~2700 μg/ml), streptomycin (\~540 μg/ml), and chloramphenicol (\~70 μg/ml). These concentrations were optimized ([@R78]) for *P. tricornutum*, and the bacterial sterility of the inoculate was confirmed with periodic tests of a large aliquot of culture medium added to carbon-rich Luria-Bertani broth. Before experimentation, axenic *P. tricornutum* cultures were grown under Fe-limiting conditions in Aquil medium ([@R42]) with 6.7 nM added FeCl~3~ and 100 μM EDTA for at least 10 generations. Aquil medium is one of the most widely used seawater media for trace metal interactions with phytoplankton ([@R49]). It uses EDTA as a trace metal buffer to control the speciation of metals in the medium. In the most recent formulation of the medium, 100 μM EDTA is used to minimize the effect of metal (in our case, Fe) contamination, including metal (Fe) impurities in the seawater and nutrients added to the cultures, or metals (Fe) introduced inadvertently during the experiment through exposure to impurities in air, etc. ([@R32], [@R42], [@R49], [@R79]). In our experiment, the high EDTA concentration had the added benefit of sequestering soluble Fe so we could probe the availability of particulate Fe. For our earliest experiment (triangles; [Fig. 4](#F4){ref-type="fig"}, A to C), we relied on the time-intensive chelation step that removes the bulk of the Fe in artificial seawater and reagent-grade nutrients ([@R42], [@R80]). We invested in Sargasso seawater ([@R42]) and low-Fe nutrients (≥99.999% pure sodium nitrate and sodium phosphate from Fluka Analytical and sodium metasilicate containing \<0.005% Fe from MP Biomedicals) for all subsequent experiments. We found it beneficial to use low-Fe EDTA as well (Sigma-Aldrich Chemistry, 99.995% trace metal basis) because reagent-grade EDTA can also contain Fe impurities. During the early experiment, artificial seawater and reagent-grade nutrients were made and chelated as outlined in the literature ([@R42]).

Cultures were grown in microwave-sterilized, acid-washed polycarbonate vials to reduce Fe contamination. An Fe-limited cell inoculate was added to \~1000 cells/ml for all cultures in all experiments. Experimental cultures were grown in filtered (acid-washed 0.2-μm Supor polyethersulfone membrane) seawater from the surface mixed layer of the Sargasso Sea that was collected in September (salinity, 36.48), except for the earliest experiment explained above. The seawater was amended to the nutrient concentrations and metal activities of Aquil with 100 μM EDTA, without added Fe. Seawater and nutrients were microwave-sterilized, and metals and vitamins were filter-sterilized before use. The temperature and light levels were maintained at 18°C and 60- to 70-μmol photons m^−2^ s^−1^ for a 12-hour light/12-hour dark cycle, respectively, for experiments as well as for maintenance cultures. A set of controls with no Fe added (−Fe) and another set with FeCl~3~ added to 8.32 μM (+Fe) were grown contemporaneously with all other samples for each experiment.

Culture data were collected in three distinct experiments (circles, squares, and triangles; [Fig. 4](#F4){ref-type="fig"}, A to C) to vary particulate Fe concentration for Monod model fits. For circles and squares, cultures were grown in 100 ml of Aquil media in acid-washed 500-ml polycarbonate bottles and were run in triplicate for each Fe source. For the experiment indicated with circles, one CAR19 culture showed evidence of significant Fe contamination and was removed from the analysis. Dust sources were added to individual bottles as 1.5 mg (circles; [Fig. 4](#F4){ref-type="fig"}, A to C) or 2.5 mg (squares; [Fig. 4](#F4){ref-type="fig"}, A to C) of dry sterilized sediment. For the one experiment run in quintuplicate (triangles; [Fig. 4](#F4){ref-type="fig"}, A to C), cultures were grown in 5 ml of Aquil media in polycarbonate vials with 2.5 mg of dry sterilized sediment. We use "particulates" to refer to sediments added to culture experiments to emphasize that the diatoms were exposed to particulate Fe rather than a combination of dissolved and particulate Fe from the sediments (because EDTA complexed the soluble fraction). The \<63-μm fraction of the sediment sample, separated by wet-sieving, was used to ensure that there was plenty of material for a large number of experiments. Near-edge XAS spectra of the \<5-μm fraction and the \<63-μm fraction of a representative subset of samples (CAR19 and MK6) showed the same oxidation state of Fe for the two fractions of the same sample, suggesting limited mineralogical differences between these fractions (see the "Sample collection and preparation" section in Materials and Methods).

Small aliquots of each culture were taken every 2 to 4 days to count cells using a hemocytometer and phase-contrast microscopy. To assess the efficiency of energy conversion by photosynthesis---that is, the maximum difference between the quantum yield of fluorescence between dark-adapted and photochemically saturated reaction centers in diatom chlorophyll---we measured variable fluorescence normalized to maximum fluorescence (*F*~v~/*F*~m~) in dark-adapted cells (1 hour) using a fast repetition rate fluorometer. Normalized variable fluorescence has been used extensively with *P. tricornutum* cultures, other single algal species, and natural seawater samples alike to assess the level of Fe limitation ([@R44], [@R81]). Species-specific values range from \~0.2 for the most strongly Fe-starved *P. tricornutum* cells to \~0.6 for the healthiest cells in the most Fe-limited and Fe-replete conditions ([@R29], [@R45]). Carbon uptake rates were estimated from *F*~v~/*F*~m~ using a linear fit made to two published data points for *P. tricornutum* for Fe-limited and Fe-replete cells ([@R29]). This method relies on the assumption that *F*~v~/*F*~m~ is linearly related to carbon uptake, which has been validated for natural phytoplankton assemblages ([@R55], [@R56]).

Linear fits to a natural log plot were used to determine the growth rate μ (equal to slope of least-squares fit) and yielded *R*^2^ values of 0.97 or greater for all cultures used for both the physiology experiments ([Fig. 3](#F3){ref-type="fig"}) and Monod curves ([Fig. 4](#F4){ref-type="fig"}, A to C). Errors on growth rates are the SE of the regression slope. The *R*^2^ values for the Monod curve fits themselves are provided in the caption of [Fig. 4](#F4){ref-type="fig"} (A to C). Cell counts from experimental triplicates were averaged before plotting and fitting, and plots were truncated to exclude lag and stationary phases. All fits were made to seven or eight time points for physiology experiments and to six to eight time points for Monod curves, except for the experiment indicated by triangle data points in [Fig. 4](#F4){ref-type="fig"} (A to C). That experiment was conducted with biological quintuplicates, and the fit was made to two data points within the exponential growth phase. Because SE of the regression slope is meaningless for a fit to two points, error was assumed to be comparable to that of the cultures from the two other experiments, and the average error from those cultures was used. This SE estimate is likely conservatively high because there were more replicates for this experiment than the others. To combine data from different experiments for the Monod curves, we normalized growth rates to a maximum rate (+Fe control) of 1 and a minimum rate (−Fe control) of 0 by subtracting the rate for the −Fe control and dividing it by the rate for the +Fe control. Errors were propagated as appropriate when rates were normalized.

Calculating \[Fe′\]
-------------------

Estimates of soluble Fe at equilibrium were made using Visual MINTEQ ([@R48]). Aqueous components in the medium were added to the concentrations in synthetic Aquil ([@R42]). Solid species were added on the basis of the mass of sediment added to each culture, the total Fe content of the sediment, and the fraction of each mineral in the sediment. Because Fe silicates are not available in the Visual MINTEQ database, we used thermodynamic constants for minnesotaite ([@R82]), annite ([@R83], [@R84]), and grunerite ([@R82]) to replace those of glauconite, biotite, and hornblende, respectively, assuming congruent dissolution. It was necessary to substitute Fe silicates in these cases based on available data. The culture media were considered to be in equilibrium with CO~2~ and O~2~ partial pressures of 3.8 × 10^−4^ and 0.21 atm, respectively. The pH was fixed at 8.1 for all calculations, and the Fe^2+^/Fe^3+^ redox couple was used to account for the oxidation of Fe in the system. Ferrihydrite was allowed to precipitate. To account for photoreductive dissolution of the FeEDTA species that form in the system, the concentration of dissolved inorganic ferric hydrolysis species \[Fe(III)′\] was calculated using the conditional steady-state dissociation constant corrected for our 12-hour light/12-hour dark cycle and light intensity used and the concentrations of FeEDTA (FeEDTA^−^ and FeOHEDTA^2−^) and EDTA (CaEDTA^2−^ and MgEDTA^2−^) complexes at equilibrium in the media ([@R49]). Fe(II)′ was nominal in these cultures as calculated by Visual MINTEQ. For all samples, \[Fe′\] increased by a factor of \~4.3× when accounting for photoreductive dissociation of FeEDTA compared to \[Fe′\] calculated purely using Visual MINTEQ. We assumed that the system was in equilibrium with precipitated amorphous silica, but a repeated set of calculations not assuming this equilibrium yielded \[Fe′\] = 0.022 pM for all samples, except for the SMD13-3 sample with \[Fe′\] = 81 pM. The Monod kinetic model is also inappropriate using this estimate of \[Fe′\]. When we calculated \[Fe′\] in the Fe-replete Aquil medium (+Fe), we did not assume equilibrium with precipitated amorphous silica but all other parameters were the same as above. Note that our Fe silicate substitutions did not affect the modeling results because Fe(II) silicates are always unstable in oxygenated atmospheres, and they all dissolved completely in our model runs. All Fe(II) species dissolved completely in our model runs, except for the small amounts of pyrite in the glaciogenic samples, which were modeled with pyrite. Note that because these are equilibrium estimates, they are maximum \[Fe′\] estimates. The dissolution of Fe minerals is relatively slow. However, interactions between Fe and EDTA were relatively quick at our high EDTA concentrations ([@R42]).

Statistical analysis
--------------------

To determine whether the Monod kinetics model appropriately fit the data, we used *R*^2^ values and also ensured that there were no trends in the residuals.

Supplementary Material
======================

###### http://advances.sciencemag.org/cgi/content/full/3/6/e1700314/DC1

We thank E. Sagredo for providing the San Lorenzo sample, J. Bockheim for providing the Fenix VB sample, and R. Villa-Martínez for fieldwork at the Eberhard site. We also thank R. Johnson and colleagues from the Bermuda Atlantic Time-series Study and crew of the R/V Atlantic Explorer for the Sargasso seawater used for culture experiments. We also acknowledge M. McElroy for similar dialysis bag experiments conducted during her undergraduate thesis work. **Funding:** We acknowledge NSF GRFP DGE-11-44155 for supporting the graduate work of E.M.S. and research funding from the Lamont-Doherty Earth Observatory Climate Center. Use of the Stanford Synchrotron Radiation Lightsource and SLAC National Accelerator Laboratory was supported by the U.S. Department of Energy, Office of Science, Office of Basic Energy Sciences under contract no. DE-AC02-76SF00515. **Author contributions:** G.W., J.S., M.R.K., and B.C.B. conceived and designed the Fe speciation work, and J.S. and B.C.B. conducted related experiments and data analysis. E.M.S., K.R.F., R.N.S., and B.C.B. conceived and designed the biological work, and E.M.S. conducted related experiments and data analysis, including calculation of \[Fe′\]. G.W., M.R.K., A.L.B., C.R., D.M.G., and P.I.M. contributed to sample site evaluation, sample collection, and analytical work on the samples. The paper was written by E.M.S. with contributions from all authors. This is Lamont contribution number 8112. **Competing interests:** The authors declare that they have no competing interests. **Data and materials availability:** All data needed to evaluate the conclusions in the paper are present in the paper and/or the Supplementary Materials. Additional data related to this paper may be requested from the authors. Normalized sediment spectra and growth curve data are deposited in the Columbia University Academic Commons, with the persistent URL <https://doi.org/10.7916/D8223137>.

Supplementary material for this article is available at <http://advances.sciencemag.org/cgi/content/full/3/6/e1700314/DC1>

table S1. Name, type, location, and description, with references if applicable, for each sediment sample used in this study.

table S2. LCF results for samples.

table S3. Principal component loadings.

fig. S1. Dialysis bag experiments with *P. tricornutum*.

fig. S2. Principal component loadings versus Fe(II) content for reference standards and samples.

fig. S3. Subset of reference spectra used for LCF that were also used for PCA, with Fe(II) content.

References ([@R85]--[@R89])

[^1]: Present address: School of Earth Sciences, University of Western Australia, Perth, Western Australia 6009, Australia.

[^2]: Present address: Department of Environmental Health Sciences, Mailman School of Public Health, Columbia University, New York, NY 10032, USA.
